Approximately 50% of hepatocellular carcinoma (HCC) is attributable to chronic infection with hepatitis B virus (HBV). Serum hepatitis B surface antigen (HBsAg) is an important diagnostic marker of HBV infection, whereas intrahepatic HBV covalently closed circular DNA (cccDNA) is a surrogate marker of HBV persistence. This study aimed to investigate relationships between serum HBsAg, intrahepatic HBsAg, and intrahepatic cccDNA in HBV-associated HCC. Intrahepatic HBsAg was determined by immunohistochemistry in matched non-cancerous and HCC tissues from 88 patients; 56 patients (63.64%) were serum HBsAg positive. In serum HBsAg-positive group, intrahepatic HBsAg was positive staining in 73.2% of non-cancerous tissues, but only in 10.7% of HCC tissues. Significant correlation between serum HBsAg and intrahepatic HBsAg was observed in non-cancerous tissues (p < 0.001), but not in HCC tissues (p = 0.415). Absolute quantification of intrahepatic cccDNA was performed by droplet digital PCR in tissues from 30 patients; 18 patients (60%) were serum HBsAg positive. In serum HBsAg-positive group, intrahepatic cccDNA was detected in 66.66% of non-cancerous tissues, but only in 5.55% of HCC tissue; intrahepatic cccDNA levels in non-cancerous tissues were significantly higher than those in HCC tissues (p < 0.001), and correlated with serum HBsAg (p < 0.01). Significant correlations between intrahepatic HBsAg and intrahepatic cccDNA were found in both non-cancerous tissues (p < 0.01) and HCC tissues (p < 0.05). We concluded that HBV cccDNA and intrahepatic HBsAg in HBV-associated HCC tissues were significantly reduced, as compared with matched non-cancerous tissues. This warrants further investigation into the impacts and the cause(s) of cccDNA reduction in HBV-associated HCC tissues, which might yield novel immune-related therapy for HBV-associated HCC.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer in men and the ninth in women, as well as the second leading cause of cancer-related death globally [1, 2] . Almost 50% of all cases of HCC are associated with chronic infection with hepatitis B virus (HBV) [3, 4] . HBV belongs to a family of viruses known as Hepadnaviridae and encodes only four genes in a highly compact viral genome: the surface gene (S), the core gene (C), the X gene (X), and the polymerase gene (P) [5] . Hepatitis B surface antigen (HBsAg) is an important diagnostic marker of hepatitis , which has been proposed as a surrogate marker of HBV-infected hepatocytes [6, 7] . Several studies have investigated the HBV cccDNA level in HCC and matched non-cancerous tissues but the results are still inconclusive. Wong et al. [8] reported that in HBsAg-positive patients, HBV cccDNA level of tumor tissues was significantly higher than the level of non-tumor tissues. In contrast, two studies reported that HBV cccDNA level of cancer tissues was significantly lower than the level of non-cancerous tissues [9, 10] . In addition, Fu et al. [11] and Bai et al. [12] reported that there was no significant difference in intrahepatic HBV cccDNA levels between tumor and non-tumor liver tissues. Correlation between serum HBsAg levels and HBV cccDNA in tumor or nonneoplastic liver tissues of HBV-associated HCC patients was reported by Wang et al. [13] . In contrast, Wang et al.
reported that serum HBsAg correlated poorly with intrahepatic HBV cccDNA in the tumor and non-tumor liver tissues [14] . Therefore, in this study, we investigated both HBsAg and HBV cccDNA in HCC and non-cancerous tissues so as to explore (1) the correlation between the serum HBsAg and the intrahepatic HBsAg; (2) the correlation between the serum HBsAg and the intrahepatic HBV cccDNA; and (3) the correlation between the intrahepatic HBsAg and the intrahepatic HBV cccDNA. Since HBV cccDNA is responsible for viral persistence, droplet digital PCR (ddPCR) technique, a highly sensitive PCR method, was applied for HBV cccDNA quantification in this study [15] . 
Materials and methods

Detection of HBsAg in HCC and matched non-cancerous tissues by IHC
Serum hepatitis B surface antigen (HBsAg) assay
Chemiluminescent microparticle immunoassays (CMIA) for the qualitative detection of hepatitis B surface antigen (HBsAg) in serum from the patients were performed using ARCHITECT HBsAg Qualitative II assay (Abbot Laboratories, Illinois, USA).
Serum alpha-fetoprotein (AFP) assay
Electrochemiluminescence immunoassays (ECLIA) for the in vitro quantitative determination of alpha-fetoprotein (AFP) in serum from the patients were performed using the AFP kit with a cobas e601 analyzer (Roche Diagnostics Limited GmbH, Mannheim, Germany).
Statistical analysis
Statistical analyses were performed with SPSS v.11.5 (SPSS Inc., Chicago, Illinois, USA) or GraphPad Prism 7 (version 7.03). Correlation was determined using Chi-square test.
The p values less than 0.05 were considered statistically significant.
Results
Correlation between serum HBsAg and intrahepatic HBsAg
Intrahepatic HBsAg was determined in 88 pairs of HCC and matched non-cancerous tissues by IHC. The data of serum HBsAg were collected from patient records. The clinicopathological features are illustrated in Table 1 . Of 88 patients included in this study, serum HBsAg was determined as positive in 56 cases (63.64%) and negative in 32 cases (36.36%). In serum HBsAg-positive group, intrahepatic HBsAg was positive staining in 73.2% (41/56) of matched non-cancerous tissues but only in 10.7% (6/56) of HCC tissues, as shown in Fig. 1a . In serum HBsAg-negative group, intrahepatic HBsAg was positive staining in 18.7% (6/32) of matched non-cancerous tissues and only in 3.1% (1/32) of HCC tissues, as shown in Fig. 1b . The significant correlation between serum HBsAg and intrahepatic HBsAg in matched non-cancerous tissues was observed (p < 0.001) but there was no correlation between serum HBsAg and intrahepatic HBsAg in HCC tissues (p = 0.415), as shown in Table 2 . Table 4 and Fig. 2a . In serum HBsAg-positive group, cccDNA levels in matched noncancerous tissues were significantly higher than in HCC tissues, p = 0.0005 (Fig. 2b ). In addition, there was a significant correlation between serum HBsAg and cccDNA in matched non-cancerous tissues (p < 0.01).
Correlation between serum HBsAg and intrahepatic HBV cccDNA
Correlation between intrahepatic HBsAg and intrahepatic HBV cccDNA
Both intrahepatic HBsAg and intrahepatic cccDNA were evaluated in 30 pairs of matched non-cancerous and HCC tissues. The clinicopathological features are illustrated in Table 3 . In 15 matched non-cancerous tissues with positive staining for intrahepatic HBsAg, intrahepatic cccDNA was detected in 73.3% (11/15); in 15 matched non-cancerous tissues with negative staining for intrahepatic HBsAg, intrahepatic cccDNA was detected only in 20% (3/15), as shown in Table 5a . Interestingly, in HCC tissues, both intrahepatic HBsAg and intrahepatic cccDNA were detected only in the Table 5b and Fig. 3 . Representative of intrahepatic HBsAg and cccDNA is shown in Fig. 4 . Significant correlations between intrahepatic HBsAg and cccDNA were found in both matched non-cancerous (p < 0.01) and HCC tissues (p < 0.05).
Discussion
Serum HBsAg is an important diagnostic marker for HBV infection. However, some studies suggest that HBV DNA can be detected in the liver tissue of HBsAg seroclearance or patients with occult HBV, mainly in the form of cccDNA, and these patients can continue to develop HCC [16, 17] .
In the present study, we investigated intrahepatic HBsAg in both matched non-cancerous and HCC tissues by IHC, and found that serum HBsAg was significantly associated with intrahepatic HBsAg only in matched non-cancerous tissues. In contrast to matched non-cancerous tissues, no association between serum HBsAg and intrahepatic HBsAg in HCC tissues was observed. In serum HBsAg-positive group, positive intrahepatic HBsAg was detected in matched noncancerous and HCC tissues at the frequency of 73.2 and 10.7%, respectively. Our results showed that intrahepatic HBsAg was reduced in most HCC tissues, which is consistent with the finding of Tian et al. [18] , Jing et al. [19] and Wang [20] , but the exact mechanism is still unclear. The finding that intrahepatic HBsAg could not be detected in HCC tissues by IHC from patients with positive serum HBsAg might be explained as follows, (1) HBV in HCC tissues could not express HBsAg, (2) HBsAg in HCC tissues could not be detected by the antibody used in this study, (3) HBV DNA is no longer present in HCC tissues. Therefore, in this study, so as to explore whether the decreased expression of HBsAg in HCC tissues is caused by HBV cccDNA reduction, intrahepatic HBV cccDNA was quantitated by ddPCR in both negative intrahepatic HBsAg and positive intrahepatic HBsAg tissues.
In the present study, the significant correlation between serum HBsAg and intrahepatic cccDNA was found only in matched non-cancerous tissues. This is different from previous studies; as Fu et al. reported that there was no correlation between serum HBsAg and intrahepatic cccDNA in HBV-related hepatocellular carcinoma [11] , but Wang et al. [13] reported correlation between serum HBsAg and intrahepatic cccDNA in both tumor and non-neoplastic liver tissues of HBV-associated HCC patients. The reasons for variety of results are inconclusive. But the possible contributing factor might be the size of tumors in tissue samples, in which 60% of specimen in this study was larger than 5 cm. Recently, Wang et al. [10] reported that cccDNA copy number per tumor in early tumors (smaller than median, ≤ 3 cm) was higher than those in larger tumors (> 3 cm); furthermore, in patients with small tumors, the cccDNA copy number did not differ between tumor and paired non-neoplastic liver, whereas in patients with larger tumors, the cccDNA copy in tumor was significantly lower than that of the paired nonneoplastic liver. Another striking finding of the present study was the significant correlation between intrahepatic HBsAg and intrahepatic cccDNA in both matched non-cancerous and HCC tissues. Furthermore, a significant reduction of intrahepatic cccDNA in HCC tissues was observed, which is consistent with two previous studies [6, 7] but not consistent with some other studies [8, 11, 12] . The discordance of the research results might be due to the tissue sampling. Of 15 tissues with negative intrahepatic HBsAg, intrahepatic cccDNA could be detected in 3 (20%) tissues. On the other hand, of 15 tissues with positive intrahepatic HBsAg, intrahepatic cccDNA could not be detected in 4 (26.7%) tissues. These discordant findings might be due to heterogeneity of HBV infection in tissues, and tissue sampling for IHC and ddPCR might not be from the same area. Our finding demonstrated the followings: (1) In matched non-cancerous tissues, serum HBsAg significantly correlated with both intrahepatic HBsAg and cccDNA; (2) In HCC tissues, serum HBsAg did not correlate with both intrahepatic HBsAg and cccDNA; (3) Intrahepatic HBsAg significantly correlated with intrahepatic cccDNA in both matched non-cancerous and HCC tissues; (4) The intrahepatic cccDNA level in HCC tissues was significantly lower than that in matched non-cancerous tissues. We concluded that intrahepatic HBsAg reduction in HCC tissues was correlated with HBV cccDNA reduction. The reduction of cccDNA may be due to factors controlling proliferation of cancerous cells and/or factors inducing eradication of 
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